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Abstract ISS, the National Aeronautics and Space Administration

Results of linear bifurcation and nonlinear analyséyASA) is developing a new lightweight external fuel

fth huttl lightweiaht (SLWT) ext :imk for the Space Shuttle. This new design, re.ferred to
of the Space Shuttle superlightweight (S ) ex ernés the superlightweight external tank (SLWT), is made

liquid-oxygen (LQ) tank for an important early booster”". v of lumi lithi I dqi ted
ascent loading condition are presented. These results hgmartly of an aluminum-tithium afloy and 1S éxpecte
weigh approximately 58,000 Ib, which is

thin-walled linear elastic shells that are subjected imatelv 8.000 Ib liahter th th lumi
combined mechanical and thermal loads illustrate &fProximately o, 0 lighter thanthe aluminum
rnal tank currently in service. This 8,000 Ib weight

et b fesonse ot ok e e o vt o an 0 s n e
bifurcation analyses are presented that predict Seve@gpamty for the orbiter.

nearly equal eigenvalues that correspond to local buckling An important consideration in the design of the
modes in the forward ogive section of the L@nk. In SLWT is the nonlinear behavior of its thin-walled
contrast, the nonlinear response phenomenon is showf&@ions that experience compressive or shear stresses,
consist of short-wavelength bending deformations in tf#&d the sensitivity of this behavior to initial geometric
forward ogive and barrel sections of the L@nk that imperfections. Small initial geometric imperfections are
grow in amplitude in a stable manner with increasing loalown to sometimes cause premature buckling of thin
Imperfection sensitivity analyses are presented that sh8fie!l structures. These effects are very important in the
that the presence of several nearly equal eigenvalues do@ent study because local or global buckling of the
not lead to a premature general instability mode for tf-WT shell wall could lead to catastrophic structural
forward ogive section. For the linear bifurcation an@ollapse or cause the thermal protection system (TPS) to
nonlinear analyses, the results show that accur®@Parate from the tank, which could also cause the
predictions of the response of the shell generally requiré’%\hide to fail. To eliminate shell-wall instabilities for
large-scale, high-fidelity finite-element model. Resultgperational loads, accurate predictions of the nonlinear
are also presented that show that the SLWF taBk can fesponse and imperfection sensitivity of the SLWT are

support loads in excess of approximately 2.6 times tRgeded. However, obtaining this information is a
values of the operational loads considered. significant task. For example, accurate predictions of the

nonlinear response of the SLWT have been shown in
Ref. 1 to require a large-scale, high-fidelity finite
element model to represent the complex structural details

The International Space Station (ISS) is currentlyf the SLWT and a robust nonlinear shell analysis
planned to occupy a 52.@rbit. Construction of the ISS capability that can predict local and general instability
will require the Space Shuttle to deliver a large number pifickling modes.

payloads to this high-inclination orbit. However, One thin-walled component of the SLWT that
achieving this orbit requires that the payload capacity gf yeriences  significant compressive stresses is the
the orbiter be re_duced by approxmqtely 10,000.Il:'). ,-Iif%{uid-oxygen (LO) tank (see Fig. 1). Prior to launch,
recover part of this lost payload _capacny, and to MINiMizge weights of the liquid-hydrogen (LHtank, the LG

the number of Space Shuttle flights needed to build the,, "and the fuel are reacted at the solid-rocket-booster

" Aerospace Engineer, Structural Mechanics Branch. Member, AIAA. attachment points, which causes me”dlo_nal COMpressive

T Senior Research Engineer, Structural Mechanics Branch. AssociateStre€SSes and shear stresses that extend into the nose of the

Introduction

Fellow, AIAA. SLWT. The nonlinear behavior of the SLWT L@nk
* Aerospace Engineer, Structural Mechanics Branch. subjected to two critical prelaunch loading conditions
8 Head, Structural Mechanics Branch. Fellow, AIAA. has been documented extensively in Ref. 1. The tank also
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(SRBs) are jettisoned. After the SRBs are jettisoned, anstructure called the intertank (Fig. 1). The intertank trans-
prior to orbital insertion, the LOtank experiences mits the weight of the fuel, the ET structural weight, and
compressive stresses in the aft end of the tank instead e orbiter weight to the SRBs prior to launch, and trans-
in the nose region. mits thrust loads from the SRBs and the orbiter to the ET
The present paper presents results of lineagluring ascent. The SLWT LOtank is a thin-walled
bifurcation and nonlinear analyses of the,Lt@nk that ~monocoque shell that is made primarily of 2195 alumi-
were conducted at the NASA Langley Research Centenum-lithium alloy. The L@tank is approximately 49.4 ft
The results are for a critical flight loading condition thatlong and has a maximum diameter of approximately
occurs 69.66 seconds into the flight, during ascent27.6 ft, as indicated in Fig. 2. The h@nk consists of a
before the SRBs are jettisoned (referred to herein as tHerward ogive section made from eight gore panels, an aft
early booster ascent loading condition). First, arPdive section made from 12 gore panels, a cylindrical bar-
overview of the SLWT structure and the details of therel section made from four barrel panels, and an aft ellip-
loading condition are presented. Then, details of théical dome section made from 12 gore panels. The
finite-element models, mesh convergence studies, arfgPordinate systems used to locate the elements of the LO
load simulation are summarized. Next, details of thdank and the intertank are also shown in Fig. 2. The coor-
linear bifurcation analyses are presented, and then resuffflates (XT, Y, Z) are typically referred to as the global
of nonlinear analyses for geometrically perfect andecoordinate system of the ET, and axial positions along the
imperfect linear elastic shells are presented. Théank are indicated by the coordinate value of XT in units
imperfection sensitivity results include a discussion ofof inches. For example, the location of the junction be-
the effects of modal interactions associated with severdyveen the forward and aft ogive sections is indicated by
nearly equal eigenvalues. Finally, generic aspects of th#riting XT = 536.74 in. Cylindrical coordinates are also

finite-element model, analyses, and results that may bésed and are given by (XT,8), where a positive value
applicable to the design of future liquid-fuel launch pfels measured from the positive Z-axis toward the pos-

vehicles are discussed. itive Y-axis, as shown in Fig. 2b.
The LG, tank also has a forward ring frame with a
Overview of the Structure "T"-shaped cross section that is referred to herein as the

] ) T-ring frame, and an aft ring frame with a "Y"-shaped
The Space Shuttle consists of the orbiter, two SRBS,,¢5 section that is referred to herein as the Y-ring

and the external tank (ET), as shown in Fig. 1. The E} e These two ring frames support a baffle assembly

consists of a L@tank, a Li tank, and an intermediate that prevents the fuel from sloshing during ascent. The

External tank slosh baffle, a lightweight (approximately 455 Ib), thin-
i walled structure, is supported by deep, thin-walled rings
Solid rocket booster (SRB) at each end that attach to the forward T-ring and the aft

Y-ring frames. Other parts of the L@ank include a non-

structural nose cone, a forged forward ogive fitting and
Nose cone cover plate, an aft spherical dome cap that contains the
LO, suction fitting and a covered manhole, and a vortex

Forward

ogive Forward ogive fittin
section and covergplate 9
Aft ogive XT =371
section Forward XT = 375
o ogive .
Cygndrlclzal gpherlcal o
arre ome cap 2
section Weld land T = 536.74
Aft elliptical
Forward orbiter dome Aft
attachment fitting section ogive
hrust panel T-ring XT = 742.35
SRB Beam Barrel - XT = 747.35
Aft orbiter . XT =843
attachment Y-ring XT = 854.05
fitting |
Aft SRB Aft XT = 963.425
attachment dome xT ——LO, suction -
i 2. 331.0in.
point o fitting i
(a) Side view. (b) Aft view.
Fig. 2 Space Shuttle External L@ Tank components
Fig. 1 Space Shuttle External Tank components. (values of XT given in inches).
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baffle attached to the base of the aft dome cap. The LO

tank gore and barrel panels are stretch formed, chemicgax = - 2.011g 3 z mg ay = 54.14 kips
ly milled, and then welded together. The panels are fabay = - 0.049g ms ay = 1.32 kips
ricated with substantial thickness tailoring to reducela, = - 0.440g ms az = 11.85 kips
structural weight. The panels are somewhat thicker at the _ .
. . . . 19.573 psig Resultant aerodynamic
welds to form a stiffener-like region that is used as a weldyjjage load, F ,
land. The primary role of the weld lands is to compensatepressure _
for any reduction in shell-wall strength that is caused by Moz 8z = 539.98 kips

my oo ay = 60.14 kips

welding. Tapering the weld lands in thickness and width _ MLon ay = 2,466.05 kips

along their length reduces weight and alleviates stress
concentrations in the shell that result from abrupt chang-

es in thickness. R, o
The intertank is a right circular cylinder that is ’ Ra
made from 2090 aluminum-lithium and 7075 aluminum = > [XT =1129.0001in.|
alloys and is shown in Fig. 1. The approximately 22.5-ft- 1033';3; ||(<_|ps Vg l 114,288.32 in-kips
long intertank has a diameter of approximately 27.5 ft (2KPS 350.36 kips

and consists of six #5curved panels that are stiffened 7z

. . . . 16,023.38 in-kips o
longitudinally with external hat stiffeners and are re- 2,984.87 in-kips
ferred to herein as skin-stringer panels. The intertank
also has two massive 26urved panels, referred to as
thrust panels (see Fig. 1), that are located perpendicul

to the Y-axis of the intertank and stiffened Iongitudinallytion occurs 69.66 seconds into flight and corresponds to a

with integrally machined external blade stiffeners. Thesc?_O2 tank that is approximately seven-eighths full and an

eight panels are assembled into the intertank with me; .’ o oion field given bya= -2.011g, @ = -0.049g

chanical fasteners and are attached to five large interng d & = -0.440g, where g is the magnitude of the gravi-

ring frames, a forward flange, and an aft flange. I‘Ong'tu‘[ational acceleration. The X subscript in the first acceler-

dinal straps (referred to herein as roll ties) suppress lateé'tion component corresponds to the XT direction and is
al-torsional deflection of the ring frames. The main

. sed in the present paper for convenience. Details of this
central ring frame, the thrust panels, and two thrust pan%

| q h end of db ading condition are shown in Figs. 3 through 6. The
ongerons are connected to each end of a tapere e%'éds, shown schematically in Fig. 3, consist of the iner-

that is referred to herein as the SRB beam (see Fig. 1)) 10ads of the structural mass and the, In@&ss, the ul-
The SRB beam spans the diameter of the intertank aloqgge pressure present inside the ,L@ank, the

the Y-axis and. has a max.imum. deth (in the XT dire_c'aerodynamic pressure distribution on the exterior surfac-
t!on) of approximately 43 in. at its midspan. Forged fit- . ¢ ihe ET, the Liitank interface force and moment,

@nd the thermal load associated with the cryogenic fuel

incapable of transmitting moments are fastened 10 thg,j gergdynamic heating. The inertial loads of the struc-

ends of the SRB beam. The primary role of the thrusf, .| mass are given b = 54 14 Kips =132
panels is to diffuse the large axial loads introduced by thEips and raa, 311.85yksi?s(:. Similarly ﬁhé?nagrtial loads

SRBs into the intertank and then into thejlt@nk shell ¢ o LO, mass are given by,m, ay = 2,466.05 kips

wall. The SRB beam compensates for the eccentricity qf, s = 60.14 kips, and DﬂazLai Z'539 08 Kips. The

the concentrated loads introduced by the SRBS. The SRa face force and moment between the intertank and the

beam also supports loads that are normal to the intertank, tank are given b = 350.36 - 30.85 -107.7% kips

(parallel to the SRB beam) at the SRB attachment point%mdzM = 2,084.87 - 114,288.3p + 16,023.3R in-kips

The intertank also has a 46-in.-high by 52-in.-wide\\nerei j, andk are standard orthonormal base vectors

frame-reinforced nonstructural access door located along. o ~iated with the XT. Y. and Z axes respectively. The

the cylinder generator at approximatdly= 146, forces,R; andR,, shown in Fig. 3, are the resultant forc-
es at the SRB attachment points necessary to equilibrate

Critical Loading Condition all of the other loads on the structure.

Fig. 3 Loads at 69.66 seconds into flight.

Ward ogive of the L@tank. This critical loading condi-

The early booster ascent loading condition was  Asthe ET is accelerated, the L @ass exerts pres-
identified by the members of the SWLT team at thesure on the interior surface of the $@nk shell wall.
NASA Marshall Space Flight Center and the Lockheedrhe resultant force of this pressure distribution corre-
Martin Manned Space Systems Company as a criticaponds to the inertial loads of the L @at are given in
loading condition that could cause buckling of the for-Fig. 3. The pressure from the L@ass and the ullage
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19.573 psig LO, fill level
ullage pressure XT = 542.6 in.

- XT =371 in. X = constant

\Z E 12.42° X

r(x)

XT =852.8in: LO,

XT =963.42 in.

YxT, x
(a) Side view. (b) Top view.

Fig. 4 LO, pressure distribution at 69.66 seconds into
flight. (a) Side view. (b) Top view.

pressure are superimposed and the resulting pressure ¢~ Fig. 5 Aerodynamic pressure distribution at 69.66
tribution on the interior surface of the L@ank is ap- seconds into flight (values given in psi).
proximated by the situation depicted in Fig. 4 in which

the LO, and its container are subjected to rigid-body mo- 51 °F
tion and flow effects are neglected. This approximate
pressure distribution on the interior surface of the, LO

is gi XT =371
tank is given by 160 °F 421
453
_ By o & -248 °F 467
= < X, — Y + £
p(x, 8) = p, for x<x; r(x)Daxsme axcos(% 297 OF 517
— 606
and
LO, -297°F
_ ay ly . a
P(X,8) = Py Yioz| o (x=x) * r(X)3"sin6 + Z costf| = ss28
297 0F 350 °F 897.8
. o
for x>x —r(x)%isine + glcosda where x is a local 50 1084
X X 423 OF XT =1129

axial coordinate that is measured from XT = 371.00 in., _ _ _
X; = 171.6 in. is the local x-coordinate of the fill level ~ Fig. 6 Axisymmetric temperature profile at 69.66

. ) . seconds into flight (values of XT are given in inches).
(XT = 542.60 in.), and r(x) is the horizontal or polar

radius of the tank. The ullage pressure is given b3booster ascent loadin L .
a . 2. X g condition is showFiign 5, where
Py = 19.573 psig and the specific weight of the,ltat negative values correspond to inward pressure.

was used in the present study is given by

VLo = 0.04123 Ib/if. The local2 -axis shown in Fig. 4b The temperature distribution that was used in the

corresponds to the direction along which the free surfacBresent .SIUdy as an approxmapon as§OC|§1ted with t.he
cryogenic fuel and aerodynamic heating is shown in

of the LG, has a maximum inclination angle relative to ~. o o
< g Fig. 6. The temperature distribution shown in this figure

the y-z plane, and is given Wy = 18¢ + |, where g axisymmetric and varies along the surface meridians in
Y = Tan(a,/a,) = 6.3%. Similarly, the free surface of a piecewise-linear manner. The warmest place on the
the LO, has an inclination angle in the2x- plane that isLO> tank is the tip of the ogive section (-%), and the

. — coldest is the barrel and the aft dome sections CER7
given byZ = Tam[ &, +a;/|a] =12.42 The coldest place on the intertank is at the thk in-

The aerodynamic pressure distribution on the exteriterface, given by XT = 1129 in. (-423 °F). The nominal
or surfaces of the ET (all surfaces except the taDk aft ~ambient temperature of the b@nk and the intertank
dome section) was approximated by interpolating a grid oprior to fueling is 50F. This temperature was used in the
known pressure values given at specific (8T coordi-  present study as the temperature at which thermal stress-
nates. The aerodynamic pressure distribution for the earlgs in the LQ tank are absent.
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Analysis Code and Finite-Element Modeling as the primary source of destabilizing compressive stress-
The results of the linear bifurcation buckling and es in the LQ tank th_at may occur at load levels greater
tlhan the corresponding operational load level. The second

nonlinear analyses were obtained with the STructura t load ists of the th | load and the LO
Analysis of General Shells (STAGS) nonlinear structuraflrOUP Of loads consists otine termal foad and g

analysis code for general shéliBhe finite-element mod- tank .ullage pressure. The loads in the seconq group are
els of the SLWT tank that were used in the present Stu(ﬁ})n&dered to be passive loads when determining the sta-
i

are very complex and include many structural details an Iltylmatrﬁln ofhsaf?% of th? LQta?k, anfd are col_nstanL_
the skin thickness variations or tailoring used to reduc value throughout the analyses. In performing finear bi-

structural weight. A detailed description of these model urcation buckling and nonlinear analyses with STAGS,

is presented in Refs. 1 and 3. STAGS was chosen for an:g\-'O Ioat(:lj factorsd and B w?ere daSS|gned to the ];'.rStl (a(\:/— |
lyzing the SLWT tank because of its robust state—of—the—'ve) and second (passive) loa groups, respectively. vak-
es of g = p,= 1 correspond to the loading condition that

art nonlinear-equation solution algorithms and its genera"lI ! . .
user-input capability that is convenient for modelingwas descnbeq previously as the operational .Ioad level.
branched shells typically used for launch vehicles. In par- In modeling 'the SLWT L@tank anq thg mtertar.lk',
ticular, STAGS uses both the full and modified Newtonseveral assumptlons'w'ere made to glmpl|fy .the finite-
methods to obtain an accurate and efficient nonlinea‘?lergent dmoc(ijels. I‘.'m'tid péarametrlcf ﬁtUd'es were
solution, and large rotations in the shell are represente‘:d)n upte ,FO gtermlnet € adequacy o the assumptlons
by a co-rotational algorithm at the element level. The?d simplifications. For each case in these studies, the
Riks arc-length projection method is used to continue gwdelmg assumptions used to simplify the finite-
solution past limit points. STAGS permits complex €€ment models were found to be acceptable for
geometries, loading conditions, and initial geometricanalyz'_r?g the nor!llhear behavior of th? SLWTank.
imperfections to be modeled in a direct manner by the ud8 addition, the finite-element modeling approach that
of user-written subroutines that are essentially indeperfY@S used for the SLWT Ltank was also applied for
dent of the mesh discretization. For example, these usdf€ analysis of two full-scale structural tests that were
written subroutines allow the user to define reference sufPnducted at the NASA George C. Marshall Spaceflight
face geometries, tapered shell walls and stiffener cros&€nter on the original standard weight ET during the
sections; and complex nodal force, temperature, and pred€velopment program of the original Space Shuttle ET.
sure distribution functions in a direct manner, using thd "€ analytical results for these two test articles, which
FORTRAN computer language. This feature greatly Simpupkled unexpectedly during the tests, mdlcate that the
plified the definition of the finite-element models and thefinite-element modeling approach that is used in the
mesh convergence studies conducted in the present studesent study is adequate forlrepresentlng the nonlinear
A description of how the features of STAGS were used ip€havior of the SLWT L@tank:

the present study to model the SLWT1@nk and inter- ] ]

tank, and details of how applied prelaunch loads were Results and Discussion

simulated are presented in Refs. 1 and 3. Three different finite element models were used in

The basic approach used in the present study to sinthe present study for analysis of the 1fank subjected
ulate the actual early booster ascent loading condition ¥ the early booster ascent loading condition. As a first
to apply all loads, accelerations and associated inertigtep toward identifying an adequate model with as few
and LG, pressure loads illustrated in Figs. 3 and 4 to thelegrees of freedom as necessary, linear bifurcation buck-
model, except for the SRB interface loads. The nodes ding analyses were conducted. The passive loads associ-
the ends of the SRB beam, where the SRB forces act (sated with load factor pwere applied to the STAGS
Fig. 4), were restrained so that the SRB interface forcesodels as a linear prebuckling stress state=(fr) and
become reactions and rigid body motion is eliminatedthe active (destabilizing) loads associated with load fac-
The thermal load was applied by introducing the axisymtor p, were used to obtain the minimum eigenvalue. The
metric temperature distribution shown in Fig. 6 as a temmodels that were investigated had 49,000, 96,000, and
perature change from a nominal initial uniform 125,000 degrees of freedom. The model that was identi-
temperature of 5. The applied loads were separatedfied as adequate for predicting the linear bifurcation
into two groups. The first group contains the pressure thdtuckling behavior is shown in Fig. 7 and corresponds to
acts on the shell wall because of the acceleration of thE25,000 degrees of freedom.

LO, mass, the structural-mass inertial loads, the inertial ~ The first linear bifurcation mode (referred to herein
line loads that represent the acceleration of the slosh bads the linear bifurcation buckling mode) for the geometri-
fle mass that is located inside of the barrel section of theally perfect shell is shown in Fig. 8 for the STAGS model
LO, tank, the aerodynamic pressure, and thetiaHk in-  with 125,000 degrees of freedom. The eigenvalue for this
terface force and moment. This group of loads is treateghodel corresponds to active loads that are approximately
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Fig. 8 Linear bifurcation buckling mode (125,000
degrees of freedom; p=2.182 and g = 1.0).

ment shown in Fig. 7, but the level of refinement of the aft

SRB attachment part of the forward ogive shown in F_igs. 7 ano_l 8 for t_he
point on -Y axis 125,000-degree-of-freedom model is essentially twice
that of the 96,000-degree-of-freedom model. The lowest
SE=m=a bl : eigenvalues for the 96,000- and 125,000-degree-of-free-
(a) Mesh with (b) Mesh without dom models are given by, g 2.204 and p= 2.182, re-

intertank shown. intertank shown. spectively. The smoothness of the buckling mode shown
Fig. 7 Finite element mesh (125,000 degrees of in Fig. 8 and the one-percent difference in the eigenval-
freedom). ' ues, indicate that the 125,000-degree-of-freedom model

2.182 times the magnitude of the corresponding opera&g adequate for representing the Iin_ear bifurc_a_ltion behav-
tional loads shown in Figs. 3, 4 and 5. This buckling modé®' of the LG, tank for this Io??mg condmon.l The

is a localized, short-wavelength wrinkle in the aft part of20:000- and 125,000-degree-of-freedom models were
the forward ogive that extends from approximatelyalso used to obtain nonlinear solutions for geometrically
XT = 447.31in. t0 511.87 in. and is centered circumferenP€fect and imperfect shells. These solutions, which are

tially on@ = 267.2 (near the negative Y-axis). The second” good agreement, indicate that the 125,000-degree of

through eighth linear bifurcation modes are also localize ,reedom model adequately represents the nonlinear be-

short-wavelength modes, similar to the mode shown ift@vior of the LQ tank for this loading condition. Thus,
Fig. 8, with eigenvalues equal to 2.183, 2.207, 2.209{;\"_ subsgquent results presented in this section were ob-
2.244, 2.246, 2.260, and 2.260, respectively, which are aifined with the 125,000-degree-of-freedom model.
less than 4% higher than the lowest eigenvalue. The sec- The meridional stress resultant distribution in the
ond through sixth linear bifurcation modes are also in the O, tank (on the negative Y-axis side of the tank, and
aft part of the forward ogive and centereddon 267.2.  given in units of Ib/in.), that was obtained from nonlinear
The seventh and eighth modes are located in the aft part ghalyses, is shown in Fig. 9 for values 9Fm, =1, and
the forward ogive, but are on the opposite side of the tanfor Py = 2.216 and p= 1. The darker shading shown in
(near the positive Y-axis) and centereddon-2.8. the figure corresponds to meridional tension which pri-
The nearly equal values of the first eight eigenval-marily resists the axial acceleration of the,lilass. The
ues, the short wavelength of the linear bifurcation modedighter shading shown in the figure corresponds to merid-
and the locations of the linear bifurcation modes led to th@nal compression resulting from the SRB interface loads
dense mesh refinement of the forward ogive that is showfreaction forces) which are applied in the intertank and
in Figs. 7 and 8. The mesh refinement which is showwlissipate into the L@tank along the (+Y) and (-Y) axes.
centered on the negative Y-axis was also applied on thEhe highest values of meridional compression are in the
positive Y-axis side of the model. Meridional and circum-aft end of the barrel ne@r= 9¢° and® = 27¢. The aver-
ferential mesh refinement of the forward ogive, aft ogiveage shell wall thickness in and around this region is
and barrel sections was facilitated by the use of the fived.381 in. These results show that the meridional stress in
node and seven-node rectangular transition elemente location of the buckling modes is tensile fpr, but
available in STAGS.The 96,000- and 125,000-degree- at the higher load value the meridional stress becomes
of-freedom models have the same general mesh arrangssmpressive in the forward ogive in a region where the
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Location of
the buckle

modes were selected because they represent configura-
tions that the structure has an intrinsic affinity to deform
into, provided that there are no substantial nonlinear pre-
buckling effects present. That is, in the absence of sub-
stantial nonlinear prebuckling effects, the linear
bifurcation eigenvalues represent when (at what load lev-

1500 el) and where (what configurations) strong interactions
between compressive membrane stresses and normal dis-
placements are likely to be present. In addition, the eight-
mode imperfection was selected because of the statement
given by Bushnefithat suggests that premature failure of
shell structures that exhibit a short-wavelength response
can be activated or "triggered” by imperfections with a
similar short-wavelength shape. Thus, the eight-mode
imperfection is expected to represent adequately a pre-
ferred direction of departure from the primary equilibri-
um path should the structure have a tendency to do so.

Results are presented in Figs. 11, 12 and 13 that

show the nonlinear deformations that were obtained from

8 Location of 1000
1000 the buckle B
/zooo
1900 1700 3000
'Y
STAGS analyses of a geometrically perfect shell and a
geometrically imperfect shell with an imperfection-

YT 20000
3000
N 5000
4000 5000 7000 6000
5000 8000
5000 9000 11,000
6000 7000 10000 0o @MmPplitude-to-wall-thickness ratio A/t 1, respectively.

1000 — 1000 3000  The thickness;tin the ratio A/ is the average wall

ko 7 S i i i
20051)00()/___'-!._5000 000 e f[h|ckness of the foryvard ogive where the b_uckllng mode
is located (#= 0.093 in.). The results shown in these three

(@) py=pp = 1.0. (b) p,=2.216 and g = 1.0.
Fig. 9 Meridional stress resultants in LQ tank (Ib/in.).

4 —0 —0

(8) Pa=pp = 1.0. (b) pa=2216and g=1.0.  figures are for nonlinear solutions that were obtained by
Fig. 10 Circumferential stress resultants in LG tank increasing the load factorg gnd p simultaneously to a
(Ibfin.). value of one, and then holding, ponstant while

. . ) ) . increasing the magnitude of the load factgr Phe
average wall thickness is 0.093 inches, and this me”d'orb'xaggerated deformed shape of the, lt@nk obtained
al compression causes this region to buckle. The circunfrom nonlinear analysis of a geometrically perfect shell
ferential stress resultants in the 4 @nk are shown in \uith the load factors p= 2.743 and p= 1.0 is shown in
Fig. 10 for values of p=p, = 1, and for p=2.216 and  Fig 11, The load level for this solution is approximately
Pp = 1. These results show the entire Li@nk exhibits 5 74 times the operational load level, and approximately
circumferential tension which resists primarily theLO 1 26 times the linear bifurcation buckling load level. The
pressure and ullage pressure. The circumferential tensiogeformed shape shown in Fig. 11 displays a short-
which has a stgbilizing effect on the sheII,.is smaI.Iest.irgNavdength bending response in the forward ogive and a
the forwqrd ogive. The.small cwcumfer_entlal .tenS|on iNhending response with a longer wavelength in the barrel.
the location of the buckling mode, combined with the meThe pending deformations are present near the (+Y) and

ridional compression, is responsible for the shortness qfy) axes = 90° and 270°, respectively), but are largest
the wavelength of the eight linear bifurcation modes.  for g = 270°. In Fig. 11, local x-coordinates, and ,

An important concern that arose during the cours@nd nondimensional normal displacements/tjvand
of the present study is the possibility of high sensitivity toV2/t; are defined in the forward ogive and barrel
initial geometric imperfections, that may be affected byS€ctions, respectively. The normal displacements are
the presence of nearly equal eigenvalues of the linear fiormalized by the average wall thickness in the region
furcation modes. This sensitivity could lead to a prema¥Vhere the bending deformation occurs; i£= 0.093 in.
ture collapse mode of the forward ogive. To addresd! the forward ogive ang & 0.381 in. in the barrel.
imperfection sensitivity, nonlinear analyses were con- Results are presented in Fig. 12 that show the non-
ducted of an imperfect shell with an imperfection shapelimensional normal displacements of the geometrically
in the form of a linear combination of the first eight linearperfect shell along a meridian for values of the load fac-
bifurcation modes, described previously in the presenor p, equal to 1.0, 2.5, and 2.743. The nondimensional
paper. Mathematically, this set of modes can be viewedormal displacements along a meridian of the forward
loosely as a basis for an "isotropic imperfection space,bgive shell wall a6 = 267.2 are represented by the solid
similar to a basis of a vector space. The linear bifurcatiotines in Fig. 12a. Overall, negative values of the
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Load factor,p 4=1.0
Wlltl -15
(solid welts of
i =25 =2.743 1t
nes) oo Pa Pa buckling
W (dashed
25 e line)
pl/T AWl/tl 42
3otk / . '
Linear bn‘urgatlon bluckllng Imode L -2
0 2 40 60 80 100
Local x-coordinate, x 1, in.
(a) Forward ogive (t = 0.093 in.;0 = 267.2°).
Ar
| Load factor,p ,=1.0 P2
2
W2/t2 »
3 Pa=25
i Pa = 2743
4 F
0 2 40 60 80 100
4 Local x-coordinate, x 5, in.
_ R _ (b) Barrel (t, = 0.381 in.;8 = 270.0°).
Fig. 11 Deformed shape of L@tank from nonlinear
analysis of geometrically perfect shell (p=2.743, p = Fig. 12 Nondimensional normal displacement w/t of
1.0). geometrically perfect shell; forward ogive and barrel
sections.

normal displacements are indicated by the left-hand Ofro pattern of the nonlinear deformation is very similar
dinate for these three load factors. These results are N&Y the linear bifurcation buckling mode

ative because of the LQhermal load (shrinkage), and

meridional compression and cross-sectional ovalization . . .
P development of a bending response in the h&drel with

of the ET caused by the LQressure load and the dis- ) .
. . . .- alonger wavelength than the bending response in the for-
crete SRB interface loads, respectively. The linear bifur- . . .
. . . .~ ward ogive. At the operational load level given Qy(,
cation buckling mode is represented by the dashed line the results predict a significant bending boundary layer at
Fig. 12a, with the normalized amplitude given by the, P g 9 ylay

right-hand ordinate of the figure. The nondimensiona&‘he aft end of the barrel. Fogp 2.5, the results predict

The solid lines shown in the Fig. 12b indicate the

. - e nonlinear bending response has grown in amplitude
normal displacements along the meridian of the barre g resp 9 P

i nd extends along the entire length of the barrel, which
shell wall atb = 2_70'6_) for the three values of the load reduces the apparent meridional stiffness of the barrel. As
factor are shown in Fig. 12b.

the load level is increased tg$ 2.743, the bending de-
The solid lines shown in Fig. 12a indicate formations in the barrel grow to an amplitude of approx-
development of a short-wavelength bending response imately two times the average wall thickness. The
the forward ogive. At the operational load level given bybending response at the aft end of the barrel is attributed
pa = 1, the results predict minimal bending deformationsto three interacting load effects. First, the,L@essure
At aload level of p= 2.5, which is greater than the linear causes radially-outward bulging around the stiff joint at
bifurcation buckling load level (p= 2.182), the results the intersection of the barrel, aft dome, and intertank. Sec-
predict the onset of a nonlinear bending response in thend, meridional tension in the aft dome creates a moment
locations given by x= 25 in. and x= 100 in. As the load on this joint about the circumferential coordinate line.
is increased to p = 2.743, substantial bending Third, the SRB interface loads are transmitted through the
deformations (indicated by the waviness in the curveshtertank thrust panels and create compressive loads in
develop and grow in the forward ogive, which reduceshe barrel at the circumferential locations centered on
the apparent meridional stiffness of the forward ogivef =90° and 270° (see Fig. 9). As the load factor increas-

8
American Institute of Aeronautics and Astronautics



es, all of these loading effects increase in magnitude, arldwer load levels. The nondimensional normal displace-
coupling between the meridional compression and thenents in the barrel of the geometrically imperfect shell
bending response causes nonlinear growth of the defoare not presented, since the imperfection in the forward
mations. ogive has very little effect on the deformation in the bar-
Results are presented in Fig. 13 that show the norfél, and t.he results obtained are essentially thg same as the
linear deformations in the forward ogive that were ob-9eometrically perfect shell results shown in Fig. 12b.
tained from STAGS analysis of a geometrically imperfect ~ The predicted growth of the bending deformations
shell with an imperfection-amplitude-to-wall-thickness and the associated reductions in the apparent meridional
ratio A/t; = 1 (§ = 0.093 in.). The eight-mode imperfec- stiffness of the forward ogive and the barrel of the geo-
tion that was described previously in the present papédpetrically perfect and imperfect shells are shown more
was used, with the imperfection shape given by -0.0328Xplicitly in Fig. 14. The maximum amplitude of the un-
times the summation of the first six eigenvectors, pluglulations in the normal displacements in the forward
-0.0656 times the summation of the seventh and eightpgive and the barrefyw,/t; andAw,/t; (shown graphi-
eigenvectors. The negative-valued linear combinatio§ally in Figs. 12 and 13) are given as a function of the load
was used as the imperfection shape because it was fouf@$tor p in Fig. 14. The two solid curves presented in
to provide a stronger nonlinear interaction with the comFig. 14 correspond to deformations of the forward ogive
pressive stresses in the shell wall than the positive-valudénfilled circles) and barrel (unfilled squares) of the geo-
linear combination. The multiplication factors were se-metrically perfect shell. Similarly, the two dashed curves
lected to provide an imperfection shape in the forwardresented in Fig. 14 correspond to deformations of the
ogive such that the regions centereden90° and 270° forward ogive (filled circles) and barrel (filled squares) of
both had an imperfection-amplitude-to-wall-thickness rathe geometrically imperfect shell with A% 1. The hor-
tio A/t; = 1. The nondimensional normal displacementdzontal dashed line shown in Fig. 14 represents the linear
along the meridian of the forward ogive shell wall atbifurcation buckling load level (o= 2.182).
6=267.2, for values of the load factop, pqual to 1.0, The results shown in Fig. 14 indicate that the bend-
2.5, and 2.766, are represented by the solid lines img deformations in the forward ogive of the geometri-
Fig. 13. The shape of the 8-mode imperfection along theally perfect shell are very small for values of the load
meridian aB = 267.2 is represented by the dashed line. factor p, < 2.6, but increase rapidly fog p 2.6. The re-
sults for the geometrically imperfect shell predict that the

The pattern of the nonlinear deformation of the geo . ) X k )
bending deformations in the forward ogive are negative

metrically imperfect ogive shown in Fig. 13 is very simi- .
lar to the shape of the geometric imperfection.for values of the load factog g 1.8. These negative val-

Comparison of the results for the geometrically perfect®S correspond to flattening of the imperfection shape
and geometrically imperfect forward ogive, shown by thdhat is caused by tensile meridional and (_:|_rcumfergnt|al
solid lines in Figs. 12a and 13, respectively, indicates that"esses. Forgp> 1.8,Aw,/t; becomes positive and in-
the eight-mode imperfection greatly amplifies the severicT€ases monotonically. This behavior is the result of the
ty of the bending deformation in the forward ogive and 3
causes the growth of the bending deformations to form at

S

, Linear bifurcation
L /_jbuckling load
: level, p , =2.182

210
Load factor,p ,=1.0

(_/Z/\/\Wj\ 2
-15 Load

walty factor, [ . t,=0
(solid Pa , .

lines) 20 pa=25 pa=2.766 wylty of 1 =\ ‘ 1= |

\ imperfection K Awl[t ; imper] ection-aﬁnplitude-
(dashed - ° to-wall-thickness ratio, A/t 3 =1

-25 i line) o j |

L Awglty ] 0 . L L

PR 1 0 1 2 3
-30 d-mode imper%ection shape 1, Displacement amplitude, Awi/t

0 20 40 6 8 100 Fig. 14 Local nondimensional normal displacement

amplitude, Awi/t, in forward ogive and barrel sections
for geometrically perfect and geometrically imperfect
Fig. 13 Nondimensional normal displacement yit; of forward ogive. (Forward ogive: t; = 0-09% in., for
geometrically imperfect forward ogive. (Imperfection- Alt; =0,Aw; is at XT = 491 in.,6 = 267.2°; for Alty = 1,
amplitude-to-wall-thickness A/t; = 1; t; = 0.093 in.; Aw, is at XT =482 in.,8 = 267.2°; Barrel: t, = 0.381 in.,
6 =267.2°). Aw, is at XT = 827 in.,0 = 270.0°).

Local x-coordinate, x 4, in.
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fact that the meridional stresses in the forward ogive bezorrespond to bifurcation buckling modes in the barrel,
come compressive for,> 1.8. The results presented in imperfection sensitivity of the barrel was not quantified.
Fig. 14 also predict that the bending response in the bafhe nonlinear prebuckling deformations in the barrel
rel (Aw,lty) is small at the operational load level were characteristic of stable growth of a bending bound-
(pa = 1.0), increases monotonically for values of the loadary layer which is driven by the loading. The deforma-
factor p, > 1.0, and is virtually unaffected by the imper-tions in the barrel did not exhibit limit point or
fection in the forward ogive. bifurcation type behavior, and thus should not be sensi-
All the results shown in Fig. 14 generally show ative to imperfections. The stability of the wrinkle-like
monotonically increasing nonlinear response and predigteformation states in the forward ogive and the barrel is
that the shell can support loads greater than the bucklirgf least partially attributed to the presence of tensile cir-
load predicted by a linear bifurcation analysis. As thecumferential stress resultants in these regions. Further-
load factor g increasesAw increases (reducing the more, the meridional compression region is a local
apparent meridional stiffness), and the slope of the loatkgion that is more likely to cause a benign internal load
versusAw curve decreases, but remains positive-valuediedistribution in the presence of nonlinear prebuckling
The reduction in slope of the load versie curve deformations than a sudden mode change or collapse.
indicates an increase in the rate of displacement growtff,he behavior of the Lotank is significantly different
while the positive-valued slope indicates that thefrom that of a compression-loaded cylinder or an exter-
apparent meridional stiffness is positive-valued and thapally pressurized sphere which exhibit several nearly
the deformation growth is stable. This type of response igqual, or a multiplicity of, linear bifurcation eigenvalues.
similar to the response presented for the prelauncA major difference is that the regions of compression of
loading condition with full LQ and LH, tanks® and to  the LO, tank do not fully envelop the shell, unlike the
the response reported by Stevens, Starnes, and Afmrothompression-loaded cylinder or the externally pressur-
for cylindrical shells subjected to combined internalized sphere. This difference facilitates load redistribution
pressure and a pure bending moment. The results in Réfi. the LG, tank without shell collapse or a mode change.
5 indicate that the amplitude of the short-wavelength Although the results presented in Figs. 12 through
deflection grows rapidly as the load increases and4 predict that the SLWT will not collapse for load levels
approaches a critical value. At the critical value of thebelow approximately 2.6 times the operational load level,
load, the load-deflection response curve approachesthe results also indicate that large local bending deforma-
horizontal tangent that corresponds to a local collapsgons may occur for loads that are much smaller than the
mode of the cylinder. Mathematically, the horizontallocal collapse load. These local bending deformations
tangent indicates that unbounded growth of thanay cause the thermal protection system (TPS) to debond
displacement occurs for an infinitesimal increase in thgrom the shell wall and fail. This mode of failure is of
load. It is expected that the curves shown in Fig. 14reat importance in the design of the TPS for contempo-
would approach a horizontal tangent as the load factatary space vehicles. The results presented in Fig. 15 give
increases until a redistribution in load occurs within theapproximate estimates of the local radii of curvatpge,
forward ogive and barrel sections. As a horizontalandp, (identified in Figs. 12 and 13), for the bending de-
tangent in a load versus displacement amplitude curve fgrmation in the forward ogive and barrel sections, re-
approached, the region of the shell containing the&pectively. The local radius of curvatupavas estimated
bending deformations becomes incapable of supportingy p = |k|- , wherex, is the curvature in the meridion-
additional load, and the compressive load is redistributegl direction of the finite element closest to the crest of the
to another portion of the shell. If other parts of the sheltleformation pattern. The two solid curves presented in
cannot support the redistributed compressive load or ifig. 15 correspond to bending deformations of the for-
excessive yielding occurs, the shell will collapse. ward ogive (unfilled circles) and barrel (unfilled squares)
Despite the concerns about acute imperfection serof the geometrically perfect shell. Similarly, the two
sitivity that is sometimes affected by the presence of sewdashed curves presented in Fig. 15 correspond to bending
eral nearly equal linear bifurcation eigenvalues, theleformations of the forward ogive (filled circles) and bar-
results presented in Figs. 12 through 14 indicate a stabtel (filled squares) of the geometrically imperfect shell
nonlinear response for the imperfect shell, which has @ith A/t; = 1. The results in Fig. 15 demonstrate that the
relatively large imperfection amplitude. Moreover, thegeometric imperfection amplitude has a significant influ-
results indicate the forward ogive and barrel sections resnce on the local radius of curvature of the forward ogive.
tain a positive-valued apparent meridional stiffness asor example, if a given thermal protection system (TPS)
the bending deformations develop, which supports thés known to debond from the shell wall at a value of
insensitivity of the collapse load to imperfections in thep = 100 in., the maximum load factor before debonding
forward ogive. Since no eigenvectors were found thabccurs in the forward ogive is reduced from a value of ap-

10
American Institute of Aeronautics and Astronautics



200 ‘ ‘ eigenvalues that correspond to local buckling modes.

. : | py; imperfection- However, th_e nonlinear analyses yielded a response that
\ L \?vglﬁltla?gfr;teos_s is cha_racterlzed by shprt-wavelength bendlng deforma-
150 VI P ratio, Alt 1 = 1 tions, in the forward ogive and barrel sections of thg LO
b, in. P2 Vt1 2 \ tank, that grow in amplitude in a stable manner with in-
10 \ i )\\pl; Alt;=0 creasing load. Imperfeqtion sensitivity analyses have
0,1 Alt; = 1/&\\ been presented that indicate that the, ltihk does not
2ot \!\. exhibit a nonlinear collapse mode associated with the in-
50 kgl teraction of nearly equal linear bifurcation modes in the
i%' forward ogive, for load levels below approximately 2.6
® times the operational load level. However, local bending
o, 3 deformations may cause failure of the thermal protection
Load factor, p , system (TPS) for load levels that are less than the load
level corresponding to structural collapse. To address
Fig. 15 Local radii of curvature p of bending this concern, results have been presented that can be used
deformation in forward ogive and barrel sections for - . . L
geometrically perfect and geometrically imperfect to estimate the load level at which TPS failure is likely to
forward ogive. (Forward ogive: t; = 0.093 in., for occur. The results do predict that the severity of some of
Alt;=0,p is at XT =491in.,6 = 267.2° for Afty = 1, the local bending deformations is significantly affected
Py is at XT = 482 in.,0 = 267.2°; Barrel: p, is at XT = by the localized initial geometric imperfection.
833in.,6 = 270.0°).
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